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Several PCR methods have recently been developed to identify fecal contamination in surface waters. In all
cases, researchers have relied on one gene or one microorganism for selection of host-specific markers. Here
we describe the application of a genome fragment enrichment (GFE) method to identify host-specific genetic
markers from fecal microbial community DNA. As a proof of concept, bovine fecal DNA was challenged against
a porcine fecal DNA background to select for bovine-specific DNA sequences. Bioinformatic analyses of 380
bovine enriched metagenomic sequences indicated a preponderance of Bacteroidales-like regions predicted to
encode membrane-associated and secreted proteins. Oligonucleotide primers capable of annealing to select
Bacteroidales-like bovine GFE sequences exhibited extremely high specificity (>99%) in PCR assays with total
fecal DNAs from 279 different animal sources. These primers also demonstrated a broad distribution of
corresponding genetic markers (81% positive) among 148 different bovine sources. These data demonstrate
that direct metagenomic DNA analysis by the competitive solution hybridization approach described is an
efficient method for identifying potentially useful fecal genetic markers and for characterizing differences
between environmental microbial communities.
approaches is based on the use of the PCR to detect Bacteroides 16S rRNA gene (rRNA) sequences (7). This bacterial
group constitutes a large proportion of the normal gut microbiota of most animals, including ruminants (38). Bacterial 16S
rRNA genes are useful markers because they have relatively
low mutation rates (15) and are typically present in multiple
operons, increasing template DNA levels for PCR (1, 19, 22,
39). While several studies have demonstrated the value of
Bacteroides 16S rRNA gene-based assays, currently available
Bacteroides-based PCR methods can only discriminate between ruminant and nonruminant sources (7). Alternative genetic markers capable of species level discrimination among
hosts (e.g., different types of ruminants) are needed to complement existing PCR-based approaches used to identify
sources of fecal pollution.
The goal of this study was to determine if a novel competitive DNA hybridization approach previously used to obtain
chromosomal regions present in one bacterial genome but not
another (28) could be used on a metagenomic scale to identify
bovine-specific fecal DNA sequences. These experiments directly identified 380 bovine feces-specific DNA sequences
while avoiding the limitations associated with any requirement
for existing genetic information or growth of corresponding
organisms in laboratory cultures. Three enriched DNA sequences were randomly selected and used to develop bovinespecific PCR assays. The potential utility of the latter assays for
diagnosing bovine fecal pollution in natural waters was demonstrated.

Nearly 13% of the natural waters in the United States are, at
any time, designated unsafe for fishing and swimming because
of high densities of fecal indicator bacteria (37). Most of this
fecal contamination is attributable to either discharge of human waste treatment effluents or to agricultural practices, including open-range grazing and confined-animal feeding operations. The cattle industry is a focus of primary concern
because of its relatively high volume of waste production.
There are currently 104.5 million cattle in the United States
(36), and the average adult bovine produces 59 to 80 pounds of
feces per day (23). Bovine fecal pollution can become a significant human health risk when impacting surface waters, as
bovine feces can contain human pathogens, including Escherichia coli O157:H7, Campylobacter jejuni, Salmonella spp.,
Leptospira interrogans, and Cryptosporidium parvum (5, 8, 13,
24, 25). Identification of bovine fecal contamination is typically confounded by the presence of fecal material and
bacterial indicator species from other sources (e.g., pigs,
chickens, wildlife, humans, etc.). Determining the sources of
fecal pollution is essential for the accurate evaluation of
human health risks, for monitoring emerging zoonotic infectious diseases, and in developing management plans to
make waters safe for human use.
Methods to detect pollution from bovine feces have been
previously described (26, 29). One of the most widely used
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MATERIALS AND METHODS
Sample collection and DNA extraction. Fecal and septic tank samples were
collected in sterile containers, and approximately 200 mg (wet weight) of feces or
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200 l of septic tank slurry was mixed with 3 ml of GITC buffer (5 M guanidine
isothiocyanate, 100 mM EDTA [pH 8.0], 0.5% Sarkosyl) and stored at ⫺80°C.
Three hundred eighty-four individual fecal samples and nine septic tank samples
were collected for comparison. These included 212 samples from farm animals,
99 from wildlife, 32 from birds, 25 from pets, and 16 from humans. Bovine fecal
samples originated from five separate geographic locations and were collected at
different times, including Delaware (in 2003), Nebraska (in 2004), West Virginia
(in 2002), Georgia (in 2004), and Texas (in 2004). These specimens represented
a total of 28 different animal species that likely impact watersheds nationwide. In
addition to fecal and septic tank samples, 36 water samples were collected from
freshwaters (Burnet Woods Pond, OH; Shepards Creek, OH; Sea Graves, GA)
and marine waters (Jobos Bay, PR) known to be impacted by different sources of
fecal pollution. One hundred milliliters of water was filtered through 0.2-mpore-size Supor-200 filters (Whatman), and each filter was placed in a sterile
15-ml tube containing 500 l of GITC buffer and stored at ⫺80°C.
All DNA extractions were performed with either the FastDNA Kit for Soils
(Q-Biogene, Carlsbad, CA) or the UltraClean Fecal DNA Kit (MO BIO Laboratories, Inc., Carlsbad, CA). DNA extract yields were quantified with a NanoDrop ND-1000 UV spectrophotometer (NanoDrop Technologies, Wilmington,
DE). The potential for amplification and presence of sufficient DNA was confirmed for each sample DNA extract by a previously described Bacteroidalesspecific PCR assay with primers Bac32F and Bac708R (6).
GFE. Genome fragment enrichment (GFE) was used to select potential fecal
community-specific markers (Fig. 1) (28). This method is a modification of a
nucleic acid sorting approach originally developed for bacterial RNA analysis
(14) that has recently been applied to define regions of chromosomal variation
between two enterococcal species (28). Briefly, biotin-labeled, sheared fecal
DNA from an individual cow (source A) was first prehybridized with sheared
DNA fragments of fecal DNA from an individual pig (source B) for 20 min. This
“blocked” biotin-labeled DNA was then hybridized to equilibrium in solution
with additional DNA fragments from the original source (bovine fecal DNA or
source A) that contained defined terminal sequence tags. These terminal tags
were incorporated by a prior single-round primer extension mediated by excess
Klenow polymerase and DNA oligonucleotides having both a common 5⬘ sequence and nine random 3⬘ residues. DNA hybrids were then isolated by streptavidin binding, and the captured tagged genomic fragments were amplified by
lone-linker PCR (16). The required specificity of lone-linker PCR with either the
K9-PCR or the F9-PCR primer (14) was verified with reference sheared bovine
and porcine fecal DNAs as templates. Between one and three rounds of blockedcapture enrichment and amplification were performed prior to cloning into a
plasmid vector as described below. All PCRs were performed with either lowretention reaction tubes (0.2 ml) or 96-well polypropylene plates and an MJ
Research DNA Engine Tetrad 2 thermal cycler (Bio-Rad, Hercules, CA).
DNA sequencing. PCR products from triplicate parallel reaction mixtures for
each round of GFE were pooled and incorporated into plasmid vector pCR4TOPO as described by the manufacturer (Invitrogen, Carlsbad, CA). Individual
E. coli clones were then subcultured in 300 l of Luria broth containing ampicillin (10 g/ml) and screened for inserts by PCR with primers M13F and M13R.
Prior to sequencing, PCR products were purified with a QiaQuick 96 Plate
(QIAGEN, Valencia, CA). Sequencing was performed on both strands at the
Cincinnati Children’s Hospital Medical Center Genomics Core Facility (Cincinnati, OH) by the dye terminator method on an ABI PRISM 3730XL DNA
analyzer (Applied Biosystems, Foster City, CA).
Dot blot hybridizations. Dot blot hybridizations with cloned GFE sequences
and a porcine fecal DNA (GFE blocker) probe were used to identify any plasmid
clone inserts obtained by GFE that were not unique to the original bovine fecal
DNA source. Probe preparation, hybridization conditions, and detection were
performed as previously described (28). Briefly, purified PCR products from
each plasmid clone insert sequence were spotted onto nylon membranes (Li-Cor
Biosciences, Lincoln, NE) with a 96-well manifold (Bio-Rad Laboratories, Hercules, CA) and hybridized with a biotin-labeled porcine fecal community DNA
probe. The hybridized probe was visualized with an Odyssey Infrared Imaging
System (Li-Cor Biosciences, Lincoln, NE) following detection with the streptavidin conjugate Alex Fluor 680 as described by the manufacturer (Invitrogen,
Carlsbad, CA).
Data analysis. DNA sequence reads were assembled with SeqMan II (DNAstar,
Inc., Madison, WI) and used to search the National Center for Biotechnology
Information (NCBI) RefSeq and Expert Protein Analysis System (ExPASy) SwissProt databases with BLASTx software (3; http://www.ncbi.nlm.nih.gov/BLAST/).
BLASTx hits with expectation values of ⱕ1e⫺3 were designated homologous. To
determine the best BLASTx hit between the two database searches, a score density
(match length/bit score) was calculated for each homolog. The highest score density
value was designated as the overall best BLASTx hit. Bovine-specific GFE sequences
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FIG. 1. Schematic of the GFE method used to identify bovine fecal
community DNA sequences that are absent or divergent in a porcine
fecal community. Biotin-labeled, sheared total metagenomic DNA
from a bovine fecal sample was prehybridized with metagenomic DNA
fragments from a porcine fecal sample prior to being self-hybridized
with PCR-amplified bovine fecal metagenomic DNA fragments containing defined terminal sequence tags. DNA hybrids were then isolated by streptavidin binding, and the captured genomic fragments
containing defined terminal sequence tags were selectively amplified
by PCR.

with top BLASTx hits to genes encoded in the Bacteroides thetaiotaomicron (39),
Bacteroides fragilis (22), and Porphyromonas gingivalis strain W83 (16) genomes were
designated Bacteroidales-like sequences and were selected for further bioinformatic
characterization. Gene function attributes for Bacteroidales-like DNA sequences
were assigned on the basis of annotations of the B. thetaiotaomicron genome (39)
available in the Comprehensive Microbial Resource genome database at The Institute for Genomic Research (http://www.tigr.org/tigr-scripts/CMR2/CMRGenomes.spl).
Bovine-specific PCR primer design. Three Bacteroidales-like DNA sequences
were randomly selected to develop PCR assays for detecting bovine fecal material. PCR primers were designed with PrimerSelect (DNAstar, Inc., Madison,
WI) and default settings. Candidate primer sequences were aligned with homologous sequences (e value, ⱕ 1e⫺3) from three complete Bacteroidales genome
sequences, including B. thetaiotaomicron (39), B. fragilis (19), and P. gingivalis
strain W83 (22), with ClustalW (35) and default settings (MegAlign; DNAstar,
Inc., Madison, WI). Primer sets that align with variable DNA regions among
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TABLE 1. Summary of sequenced DNA clones obtained
over three rounds of GFE
GFE
round

No. of
clones

Avg length
(bp)

No. of redundant
sequences

No. of false
positivesa

1
2
3

158
157
153

380
448
446

34
35
19

1
0
9

Total

468

391

88

10

a

Number of false-positive sequences identified by dot blot hybridization.

Bacteroidales sequences were selected for optimization, host specificity, and limit
of detection assays.
Primer optimization, host specificity, and limit of detection. Optimal annealing temperatures were measured for each primer pair by thermal gradient PCR
on an MJ Research DNA Engine Tetrad 2 thermal cycler (Bio-Rad, Hercules,
CA). Host-specific PCR assay mixtures (25 l) contained 1⫻ ExTaq PCR buffer
(Takara Maris Bio, Madison, WI); 2.5 mM (each) dATP, dCTP, dGTP, and
dTTP; each primer at 0.2 M; 0.04% acetamide (Sigma); 0.625 U of ExTaq
(Takara Maris Bio, Madison, WI); and 2 ng of template DNA. Incubation
temperatures included an initial 94°C (3 min) lysis step, followed by 35 cycles of
94°C (1 min), a gradient range of 55°C to 65°C (1 min), and 72°C (1 min).
Optimized primers were then tested for host distribution among individual bovine fecal samples (n ⫽ 148) and cross-reactivity with nontarget individual
animal fecal specimens (n ⫽ 292) and human septic tank samples (n ⫽ 9).
Reference fecal samples represented 28 species of animals, including Bos taurus
(bovine), Gallus gallus (chicken), Loragyps atratus (black vulture), Anser sp.
(Canadian goose), Pavo sp. (peacock), Treron sp. (pigeon), Canis familiaris (dog),
Felis catus (cat), Cavia porcellus (guinea pig), Capra aegagrus (domestic goat), Sus
scrofa (pig), Ovis aries (sheep), Equus caballus (horse), Lama pacos (alpaca),
Lama glama (llama), Armadillo officinalis (armadillo), Lynx rufus (bobcat), Canis
latrans (coyote), Sciurus carolinensis (gray squirrel), Lepus sp. (rabbit and jackrabbit), Didelphis virginiana (opossum), Procyon lotor (raccoon), Odocoileus
virginianus (whitetail deer), Meleagris sp. (wild turkey), Erinaceus sp. (hedgehog),
Cynomys sp. (prairie dog), and Homo sapiens (human). To test for nonspecific
amplification of DNA from representative environmental microorganisms, PCR
assays were performed with 5 ng of DNA extract from freshwater (Burnet Woods
Pond and Shepards Creek) and marine water (Jobos Bay) filtrates not impacted
by bovine fecal pollution. DNA from water samples (Sea Graves) impacted by
bovine feces was also tested. All validation PCR assays were performed in
duplicate. The lower limit of detection for each primer set was estimated with
serial dilutions of bovine fecal DNA starting with a concentration of 10 ng/l.
No-template, extraction blank, and water filtration blank PCR control assays
were performed to test for the presence of extraneous DNA molecules introduced during laboratory experiments.

third round of enrichment, indicating that one or two rounds of
GFE is sufficient to obtain a highly enriched metagenomic
clone library.
Characterization of bovine fecal DNA sequences obtained by
GFE. BLASTx sequence similarity searches of the 380 nonredundant GFE clone insert sequences against the NCBI RefSeq
and ExPASy Swiss-Prot protein databases identified homologous sequences for 256 clones on the basis of an expectation
value cutoff of ⱕ1e⫺3 (Table S1 in the supplemental material).
A best BLASTx hit for each GFE sequence was established on
the basis of a comparison of score density values (bit score/
match length) calculated from each database BLASTx search
result (Table S1 in the supplemental material). Best BLASTx
hits averaged only 51.4% sequence identity to nonredundant
GFE sequences. GFE sequences were then labeled Bacteroidales-like as if the respective GFE sequence top BLASTx hit
originated from a previously described Bacteroidales genome
(16, 22, 39). One hundred twenty-four (32.6%) of these 380
bovine fecal community DNA sequences showed no homology
to any previously reported gene sequences.
Bacteroidales-like sequences were of particular interest because they are potentially related to Bacteroides species, which
are both abundant in feces and restricted in their host ranges
(2, 7, 9, 11, 12, 17, 18, 20, 30). All Bacteroidales-like hostspecific GFE clone sequences were then assigned to 1 of 18
functional groups (Fig. 3) based on previous annotation of the
B. thetaiotaomicron VPI-5482 genome (39; Table S1 in the
supplemental material). The functional groups most frequently
assigned to these sequences were protein synthesis (15.7%)
and hypothetical proteins (12.9%). Eleven (15.7%) of the
Bacteroidales-like GFE clone sequences are predicted to encode proteins involved in protein synthesis and are potentially
related to tRNA metabolism, including seven tRNA synthetases, three tRNA transferases, and an RNA methyltransferase. In contrast to our previous results obtained by direct
GFE analyses of the genomes of two enterococcal species (28),
no rRNA-encoding or intercistronic spacer regions were ob-

RESULTS
Identification of unique marker sequences for bovine fecal
bacteria. Four hundred sixty-eight randomly selected clones
containing DNA fragments between 163 and 973 bp in size
were initially characterized from plasmid clone libraries obtained by one, two, or three rounds of metagenomic GFE (Fig.
1 and Table 1). Sequence analyses showed that this subset
contained a total of 380 nonredundant sequences (Table S1 in
the supplemental material) and that sequences from each
round of GFE contained similar numbers of redundant clones
(Table 1). Dot blot hybridizations with the original porcine
fecal DNA as probes were then used to identify any falsepositive GFE clones obtained (Fig. 2). These analyses showed
only 10 plasmid insert DNA sequences capable of hybridizing
with porcine fecal DNA probes, demonstrating a very low
false-positivity rate (2.6%) among GFE clones. A breakdown
of false-positivity rates by GFE round (Table 1) showed that
90% (n ⫽ 9) false-positive clones were obtained following the

FIG. 2. Dot blot hybridization analysis of putative host-specific
DNA fragments. PCR amplicons from all nonredundant clone sequences (88 are shown) were transferred to nylon membranes and
hybridized to a biotin-labeled bovine (panel A) or porcine (panel B)
fecal metagenomic DNA probe. Positive controls are indicated by
boxes and included 800 ng of bovine fecal metagenomic DNA (panel
A, row H, column 12) and 100 ng (panel B, row C, column 11), 200 ng
(panel B, row C, column 12), 400 ng (panel B, row D, column 10), and
800 ng (panel B, row H, column 12) of porcine fecal metagenomic
DNA. The porcine fecal metagenomic DNA probe cross-hybridized
with 200 ng (panel B, row F, column 2) of bovine fecal metagenomic
DNA. None of the no-DNA controls (panel A, row B, column 4; row
C, columns 11 and 12; row D, columns 3 and 10; row F, column 2; row
H, column 10; panel B, row B, column 4; row D, column 3; row H,
column 10) hybridized to the probe.
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FIG. 3. Functional group assignments for host-specific Bacteroidales-like GFE sequences based on a previous B. thetaiotaomicron genome study
(39). Functional groups are listed along the x axis, and the percentage of Bacteroidales-like sequences (total number ⫽ 70) for each group
assignment is shown along the y axis.

tained by fecal metagenomic GFE assays. On the basis of
additional annotations from the B. thetaiotaomicron study (39),
42 Bacteroidales-like sequences are predicted to encode membrane-associated or putative extracellular proteins, of which a
surprising 80.9% are predicted secretory proteins according to
SignalP analyses (4).
Five distinct B. thetaiotaomicron VPI-5482 DNA regions
were indicated by two or more nonredundant (i.e., not plasmid
clone sibling) Bacteroidales-like clone sequences obtained by
GFE. These included variable DNA regions potentially encoding
an AcrB/AcrD/AcrF family protein homologous to BT2686, a
methionyl-tRNA synthetase (BT2933), a preprotein translocase
(SecA subunit, BT4362), a reticulocyte binding protein (BT0749),
and a conserved hypothetical protein BT0921 (39). Interestingly,
all of these DNA regions are predicted to encode secretory proteins by SignalP analyses (4, 39), with the exception of the SecAlike preprotein translocase, which is potentially involved in protein export.

PCR optimization and specificity validation for bovine fecal
DNA detection. Three host-specific Bacteroidales-like GFE
clone sequences were randomly selected for continued development of bovine feces-specific PCR assays (Table 2). PCR
assay 1 targeted a 368-bp DNA fragment potentially encoding
a conserved hypothetical secreted protein. The best BLASTx
hit (8.00e⫺11) for this sequence shows 25% sequence identity
to a B. fragilis hypothetical protein (locus BF2432). PCR assay
1 routinely detected 1 fg of bovine fecal DNA (Fig. 4) under
optimized PCR conditions (62°C annealing, 30 cycles). Primers
for PCR assay 2 targeted a 437-bp fragment annotated as
encoding an HDIG domain protein involved in energy metabolism and electron transport (B. thetaiotaomicron genome locus BT2749). The best BLASTx hit for this sequence (32%
identical; 1.00e⫺8) was a B. fragilis YCH46 putative membrane-associated HD superfamily hydrolase. Optimal conditions for PCR assay 2 include a 62°C annealing temperature
and 35 cycles, which allow a detection limit of 10 fg of bovine

TABLE 2. Host-specific PCR assay primers and optimal reaction conditions
PCR
assay no.

Primer set

Sequence (5⬘ to 3⬘)

Amplicon
length (bp)

Optimal annealing
temp (°C)

Optimal no.
of cycles

1

Bac1F
Bac1R

TGCAATGTATCAGCCTCTTC
AGGGCAAACTCACGACAG

196

62

30

2

Bac2F
Bac2R

GCTTGTTGCGTTCCTTGAGATAAT
ACAAGCCAGGTGATACAGAAAG

274

62

35

3

Bac3F
Bac3R

CTAATGGAAAATGGATGGTATCT
GCCGCCCAGCTCAAATAG

166

60

35
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TABLE 4. Summary of host-specific PCR assay
cross-specificity tests
% of samples positive by:
Group

Birds
Human or septic tank
Domestic
Wildlife
Pets
Water not impacted
by cattle
Total

FIG. 4. Limit of detection of host-specific primer sets with serial
dilutions (1:10) of bovine fecal metagenomic DNA starting with 10 ng
of bovine fecal DNA (lane 1). Panel A, 1 fg of DNA was detected by
PCR assay 1 (Bac1F and Bac1R). Panel B, 10 fg of DNA was detected
by PCR assay 2 (Bac2F and Bac2R). Panel C, 0.1 fg of DNA was
detected by PCR assay 3 (Bac3F and Bac3R).

fecal DNA (Fig. 4). PCR assay 3 was developed from a 569-bp
DNA fragment predicted to encode a sialic acid-specific 9-Oacetylesterase secretory protein homolog (B. thetaiotaomicron
genome locus BT0457) with a predicted role in cell envelope
biosynthesis and degradation of surface polysaccharides and
lipopolysaccharides. The best BLASTx hit for this sequence
(75% identical; 8.00e⫺80) was a sialate O-acetylesterase protein from B. fragilis YCH46. PCR assay 3 exhibited the lowest
limit of detection under optimal conditions (60°C, 35 cycles)
and consistently amplified 0.1 fg of bovine fecal DNA (Fig. 4).
DNA prepared from different bovine fecal specimens was
used as a template to test the host distribution and temporal
stability of putative bovine feces-specific PCR assays. All three
PCR assays amplified DNA of the expected size from the
original target GFE bovine fecal sample, and between 72%
and 100% of 148 bovine fecal samples from five different geographical locations collected over a 24-month period (Table 3).
PCR assay 3 showed both the broadest target host distribution
and the greatest temporal stability by successfully amplifying
DNA from 91% of all 148 bovine fecal samples. Each primer
set was then tested in assays with template DNA extracted
from 245 individual fecal and septic tank samples representing
29 different animal species. PCR assays 1 and 2 exclusively

No. of
samples

No. of
species

32
25
64
99
25
34
279

PCR
assay 1

PCR
assay 2

PCR
assay 3

5
1
6
11
3

0
0
0
0
0
0

0
0
0
0
0
0

0
0
2
0
0
0

27

0

0

0.8

amplified bovine fecal DNA molecules (Table 4). PCR assay 3
exhibited specificity for 99.2% of the fecal samples but did
amplify DNA from two alpaca fecal samples. Each PCR assay
also demonstrated high levels of specificity in feces-impacted
freshwater and marine water samples (Table 4). All water
samples not impacted by bovine fecal pollution tested negative
in PCR assays, while bovine feces-impacted water samples
tested positive in PCR assays 2 and 3. (Fig. 5).
Experimental controls. Each fecal, water, and septic tank
reference sample yielded the expected PCR products when
amplified with Bacteroidales 16S rRNA-specific reference
primers Bac32F and Bac708R (6), indicating a lack of potential
PCR inhibitors. The presence of extraneous DNA molecules
introduced during laboratory manipulations by performing notemplate (n ⫽ 276), extraction blank (n ⫽ 27), and water
filtration blank (n ⫽ 18) control PCR assays was also tested
for. In all cases, the results were negative. Because of the
requirement for the lone primer amplification step (16) to selectively amplify DNA with terminal tag sequences and because of

TABLE 3. Host distribution PCR assays
% of samples positive by:
Location

No. of
cows

Collection
yr

Nebraska
West Virginia
Georgia
Texas
Delaware

101
26
10
1
11

2004
2002
2004
2004
2003

Total

148

PCR
assay 1

PCR
assay 2

PCR
assay 3

70.3
69.2
100
100
63.6

77.2
76.9
100
100
100

87.1
100
100
100
100

72

80

91

FIG. 5. Gel electrophoresis of PCR products from reactions with
bovine-specific PCR assays 1, 2, and 3 (panels A, B, and C, respectively) and a Bacteroidales-specific PCR assay (panel D) with primers
Bac32F and Bac708R (6). Each PCR assay was tested against DNA
extracts from feces-impacted fresh and marine water samples (five are
shown). Lanes: Jobos Bay, PR, lane 1; Shepards Creek, OH, lane 2;
Burnet Woods Pond, OH, lane 3; Chandler Farms, GA, lanes 4 and 5;
no-template control, lane 6; bovine fecal DNA, lane 7.
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the complex nature of the metagenomic templates used in these
experiments, we also tested the specificity of the K9-PCR and
F9-PCR primers. No amplification was observed when the K9PCR primer was tested against sheared bovine metagenomic
DNA or when the F9-PCR primer was tested against sheared
porcine metagenomic DNA (data not shown).
DISCUSSION
Several hundred candidate bovine fecal community-specific
DNA sequences were obtained by the application of GFE to
total DNAs extracted from individual bovine and porcine fecal
specimens. Enrichment for the desired sequences with regard
to the two original sources was confirmed for 97.4% of these
fragments by dot blot hybridizations, indicating that GFE is an
efficient approach to obtain unique or highly divergent DNA
sequences between metagenomic nucleic acid pools and is a
valuable targeted alternative approach to large-scale sequencing for researchers whose diverse goals include the need to
characterize genetic variation among complex microbial communities. Although sharing some aspects of other DNA-sorting methods, GFE is neither subtractive hybridization (31) nor
PCR-mediated selective amplification (10, 21) of target molecules. Rather, GFE obtains a sampling of the difference between two nucleic acid pools by competitive solution hybridization and physical separation, followed by amplification of all
of the target molecules obtained. In contrast, subtractive hybridization relies on the inherently difficult process of complete
physical removal of all shared sequences as heterologous nucleic acid hybrids prior to amplification of all of the remaining
hybrid DNA strands. Although target molecules captured by
GFE as hybrids are amplified by a PCR targeting terminal tag
sequences, it does not rely on the PCR process itself to select
unique nucleic acids from pools, as do suppression subtractive
hybridization (10) and representational difference analysis
(21).
Bovine feces-specific GFE sequences exhibited an average
of only 51% sequence identity with NCBI RefSeq and ExPASy
Swiss-Prot database sequences, reflecting the fact that many
conserved but quite divergent bacterial chromosomal regions
were obtained. Approximately one-third of the GFE clone
sequences showed no similarity to any previously described
genes, suggesting that many of the DNA fragments originate
from previously uncharacterized prokaryotic genes. It is important to note that in order to generate a complete assessment of the genetic diversity between the bovine and porcine
fecal metagenomes, hundreds of thousands of GFE fragments
must be sequenced. The intent of this study was not to characterize every genetic difference between these microbial communities but to determine if GFE could isolate DNA sequences
unique to one bacterial community and absent in another that
could be used to develop host-specific PCR assays.
Classification of Bacteroidales-like GFE clone sequences
based on B. thetaiotaomicron genome annotations (39) indicates an abundance of genes that encode bacterial surfaceassociated and secreted proteins, suggesting that a potential
major difference between bovine and porcine fecal Bacteroidales-like genes is in their capacity for producing secreted
factors. This is perhaps not surprising considering that genome
studies have shown that the majority of the B. fragilis (19) and
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B. thetaiotaomicron (39) proteomes are dedicated to metabolizing dietary polysaccharides harvested in the gastrointestinal
tract. Large sequence variations in genes involved in membrane-associated activities have also been reported among
closely related microorganisms, including E. coli O55 and
O157 (32), enterococci (28), and other opportunistic and obligate pathogens (27, 33, 34).
The central objective of this study was to determine if GFE
could be used to enrich for DNA fragments from a bovine fecal
metagenome that were divergent or absent in a porcine fecal
metagenome. After many such sequences were identified,
three putative bovine community-specific PCR assays were
designed and optimized on the basis of randomly selected GFE
Bacteroidales-like DNA sequences. These assays consistently
amplified target DNAs from more than 80% of 148 bovine
fecal samples regardless of their geographic origin. Markers
also showed remarkable stability over a 24-month period at
these sample locations. Considering that DNA sequences for
these PCR assays were obtained from an initial comparison
limited to just two individual fecal samples, it seems likely that
GFE will be a useful approach to identify additional discriminatory genetic markers for other fecal microbial communities.
The stability and broad distribution of the PCR markers in
bovine populations encouraged us to test target specificity
against other animal groups. All three PCR assays showed
extremely high levels of specificity for bovine fecal DNA
(Table 4). These results corroborate the notion that genes
encoding bacterial proteins directly involved in interactions
with hosts exhibit increased levels of specificity relative to
bacterial 16S rRNA gene sequences (7, 11). Current 16S rRNA
gene-based PCR assays can only discriminate between ruminant and nonruminant fecal sources (7). The bovine-specific
PCR assays described here that target nonribosomal sequences
were able to differentiate among cattle and five other ruminant
or pseudoruminant species, including goats, sheep, alpacas,
llamas, and whitetail deer, with the exception of bovine-specific
PCR assay 3 (Table 4), which produced positive signals for two
alpaca fecal samples.
To explore the potential of our bovine-specific PCR assays
for fecal source identification in natural waters, each PCR
assay was challenged against water samples collected from a
stream situated in central Georgia that is directly impacted by
a local dairy farm; PCR assays 2 and 3 tested positive. These
initial experiments suggest that our novel PCR assays may have
utility in environmental monitoring. However, in order to realize the full potential of these PCR assays for fecal source
tracking applications, several issues need to be addressed that
go beyond the scope of this study, such as the survival of target
DNA molecules in water, the relevance of each PCR assay to
current regulatory fecal indicator methods used to monitor
water quality (such as E. coli and enterococci), and linking of
the prevalence of a specific DNA target sequence in the environment to relevant public health risks.
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